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Why the concept of frozen-in field lines is often misleading 
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According to the concept of frozen-in field lines, a highly conducting fluid can move freely along magnetic 
field lines but cannot freely traverse them. Here we show analytically that under some special conditions, 
the frozen-in field concept may not hold. Under some conditions, whether a conducting fluid can freely cross 
magnetic field lines or not appears to depend solely on the gradient of the magnetic field in the direction of 
fluid movement and is independent of the magnetic field strength. We especially emphasize the significance of 
isomagnetic surfaces and polarization charges. We also present experimental results to support our analysis. 
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I. INTRODUCTION 

The physical properties of magnetohydrodynamics 
(MHD) - the frozen-in property of field lines and the 
conservation of magnetic flu»2 - are often referred to col- 
lectively as Alfven's Theorem. The concept of frozen-in 
field lines has been presented in various forms. A com- 
mon interpretation is that a highly conducting fluid can 
move freely along, but cannot freely traverse, magnetic 
field lines. Because the frozen-in concept is of prime im- 
portance to plasma physics, it is widely mentioned in the 
literatures^— and is presented in almost all textbooks 
of plasma physics Although the applicability of this 
concept has long been contested (indeedji^ and Alfven, 
the concept's founder, criticized its use and stated that it 
is often misleading^) , it nonetheless plays an important 
role in astrophysics. For example, pulsar electrodynam- 
ics proposes that magnetosphere particles are threaded 
by magnetic field lines and rotate rigidly with a star. 11 
Here we present experimental and analytical evidence of 
why the concept of frozen-in field lines is often mislead- 
ing. 

It has been established that under certain conditions, 
plasma can freely cross magnetic field lines^. Here we 
develop and extend the viewpoint of Bellan. 



II. ANALYSIS ON THE EFFECT OF FROZEN-IN FIELD 
LINES 

A. contradiction in the theory of frozen-in field lines 

Although the frozen-in field concept is the "bed-rock" 
concept underlying ideal MHD, it currently lacks a spe- 
cific definition. The two definitions given below will be 
familiar to many readers (Discussion of multifarious def- 
initions will be deferred to Table HvJ: 



1. The magnetic flux through a conducting fluid is 
conserved (we designate this definition Theorem 1). 

2. Any motion of conducting fluid, perpendicular to 
the field lines, carries the field lines with the fluid. 
In other words, a highly conducting fluid cannot 
freely traverse magnetic field lines (we designate 
this definition Theorem 2) 

The frozen-in field concept follows from the frozen-in 
field equation 



dB 

~dt 



V x (v x B), 



(1) 
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where v is the relative velocity of the conductive fluid 
element moving through the magnetic field, and vxB is 
the motional electromotive field. 

Theorem 1 follows unequivocally from the frozen-in 
equation (1). Theorem 2, on the contrary, conflicts with 
the frozen-in equation. We prove this statement as fol- 
lows: If Theorem 2 holds (i.e. the motion of conduct- 
ing fluid, perpendicular to the field lines, vanishes any- 
where at any time), then vxB=0 must be true. How- 
ever, if vxB=0 is always true, the frozen-in equation 
(1) becomes trivialized. Hence, Theorem 2 conflicts with 
the frozen-in equation. This may be restated in another 
way. Equation (1) describes a (time- varying) disturbance 
of magnetic field which depends on the traverse motion 
of fluid relative to the field lines. That is, the frozen- 
in equation (1) essentially describes the relationship be- 
tween the magnetic disturbance and the traverse motion 
of fluid (Therefore, we shall rename Equation (1) as the 
"traverse-disturbance equation" to emphasize the indis- 
pensability of traverse motion). If Theorem 2 always 
holds and the traverse motion is absolutely debarred, 
the traverse-disturbance equation becomes apparently re- 
dundant (reducing to the trivial case = 0). In other 
words, from an equation which describes the relationship 
between A and B, such a result that the B does not exist 
originally should not be obtained. Unluckily, Theorem 2 
is actually come from such erroneous logic. 

From Equation (1), it follows that the magnetic flux 
within a conducting fluid is always conserved. However, 
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magnetic flux can also be conserved in the following sce- 
narios: 

1 . All field lines within a conducting fluid move along 
with the conducting fluid element. 

2. The magnetic field lines entering a given fluid ele- 
ment are equal to those leaving the element at all 
times. 

The second item describes the general condition of mag- 
netic flux conservation, while the first describes a special 
case of item 2. If the magnetic field lines entering a given 
fluid element are equal to those leaving the element and 
are zero at all times, item 2 reduces to item 1. Theorem 
2 of the frozen field concept applies strictly to the spe- 
cial condition, and ignores the general condition, thereby 
rendering the concept frequently misleading. 

B. conditions for freely traversing magnetic field 

Following discussion regarding the conflict between 
Theorem 2 and the traverse-disturbance equation, we dis- 
cuss the conditions under which the conducting fluid can 
freely traverse magnetic field without magnetic distur- 
bance and magnetic resistance. 

From Equation (I), we realize that 

1. In an ideal conducting fluid, the magnetic distur- 
bance can arise only from the cross motion of con- 
ducting fluid. In the case of no cross motion, there 
can be no magnetic disturbance. 

2. In the event that vxB=/= 0, provided that Vx(»x 
B) = 0, magnetic disturbance must be absent. 

This indicates that fluid cross motion is a necessary, but 
not a sufficient, condition for magnetic disturbance. The 
magnetic disturbance arising from the motion of con- 
ducting fluid is co-existent with magnetic resistance; nei- 
ther phenomenon can appear by itself, since both arise 
from one and the same eddy current. Therefore, the 
cross motion is also a necessary but not sufficient con- 
dition for magnetic resistance. Since magnetic distur- 
bance and magnetic resistance arc the sole characteris- 
tics of magnetic-frozen states, we posit that the cross 
motion is a necessary but not sufficient condition for the 
magnetic-frozen states. In other words, even if a conduct- 
ing fluid crosses magnetic field lines, the magnetic-frozen 
states can be absent provided that the special conditions 
vxB^ and V x (v x B) = are satisfied. 

It is known that the essential condition for a force act- 
ing between the fluid and the magnetic field is the pres- 
ence of an eddy current within the conductive fluid, while 
the essential condition for an eddy current is presence of 
an eddy motional electromotive field vxB. When both 
sides of Equation (1) are zero, the motional electromotive 
field within the fluid is irrotational. In this case, neither 
an eddy electromotive field nor an eddy current in the 



conductive fluid exist. Consequently, no magnetic force 
is exerted on the fluid when it crosses a magnetic field 
with velocity v. 

To determine the conditions under which the fluid can 
freely traverse magnetic field without magnetic distur- 
bance and magnetic resistance, we expand Equation (I) 
as 



— = «(V • B) - B(V • v) - (v ■ V)B + (B • V)». (2) 

The first term on the right-hand side involves the di- 
vergence of the magnetic field V • B, which, according to 
Maxwell's equation, is zero always. 

The factor V • v in the second term is the divergence of 
the velocity field. If the density distribution of the fluid 
remains constant, this term also equates to zero. 

When each conductive fluid element moves along a 
path of constant magnetic field B (namely, an isomag- 
netic surface), the third term (v ■ V)B additionally van- 
ishes. 

If the fluid elements that synchronously cross the same 
magnetic field line have the same velocity (i.e., do not 
exhibit differential movement), the fourth term (B • V)i> 
vanishes also. In general, the differential movement is 
related to the shape change of the fluid. 

Equation (2) incorporates three essential factors that 
control the interaction between a conductive fluid and a 
magnetic field: 

1. The expansion or compression of the fluid, i.e., the 
change in density; 

2. The differential movement of the fluid, i.e., the 
shape change of the fluid; and 

3. The change in magnetic field along the path of 
movement. 

These essential factors indicate that the frozen-in phe- 
nomenon is related to distinct changes. Without these 
changes, the magnetic-frozen phenomenon cannot de- 
velop. 

If a fluid of unchanging density distribution and shape 
can be regarded as a quasi-rigid body, the following sim- 
ple law applies: When crossing a magnetic field along 
an isomagnetic surface, a rigid or quasi-rigid body will 
not be subject to a magnetic resistance and the frozen-in 
phenomenon will not occur. This law fits the scenarios 
shown in Figures 1, 2 and 3. The three scenarios share 
two characteristics: 

1. The motional electromotive field vxB inside the 
fluid is nonzero and curl-free everywhere. 

2. All of the fluid elements cross the magnetic field 
along an isomagnetic surface. 

In the cases of Figs. 1 and 2, although the motional 
electromotive field vxB inside the fluid is irrotational, a 
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rotational field vxB exists at the boundary of the con- 
ductive body. However, V x (v x B) ^ is only a neces- 
sary, but not a sufficient, condition for the appearance of 
eddy currents. The eddy plane at the boundary is always 
perpendicular to the boundary surfaces; furthermore, no 
conducting matter exists outside the boundary and eddy 
currents cannot cross the boundary surfaces. This en- 
sures that no eddy current can appear at the boundary 
and hence the magnetic field cannot be modified. In the 
case of Figure 3, the conductive body is a ring, and there 
has neither front boundary nor rear boundary in the di- 
rection of movement. The boundary analysis is appropri- 
ate only for the top and bottom surfaces of the conductive 
body. 

For the case shown in Figure 3, even if the outer 
and inner fluids rotate at different angular speeds, i.e. 
u) = f(r), no magnetic resistance acts on the fluid. 
However, if the differential rotation can be described as 
lj = f(z) (where z is the axial coordinate), a magnetic re- 
sistance will act on the fluid. This distinction arises from 
the fourth term of the right-hand side of Equation (2), 
(B • V)i>. If oj — f(r), then {B ■ V)v = and no magnetic 
force is felt; if ui = f{z), then (B-\7)v ^ and a magnetic 
resistance is felt. This result is consistent with the law of 
iso- rotation (Ferraro's theorem), which dictates that in 
the steady state, angular velocity is constant along mag- 
netic lines^. However, if ui = f(r), the angular velocity 
varies only along the direction perpendicular to the field 
lines. 

Alfven & Falthammar 4 has described an example simi- 
lar to that in Figure 1, for which the conductive fluid can 
cross a uniform magnetic field under certain conditions. 
Our work extends this idea by softening the constraint 
conditions for other cases of non-uniform magnetic field 
and/or differential rotation of the conductive fluids. 

Because the case shown in Figure 3 illustrates the situ- 
ation in the vicinity of the equatorial plane of an aligned 
pulsar, we come to an important conclusion: the plasma 
near the equatorial plane of an aligned pulsar can cross 
the magnetic field and cannot be frozen with the mag- 
netic field lines; in other words, the plasma can neither 
drive the magnetic field lines, nor be driven by the mag- 
netic field lines. This conclusion is supported by the re- 
sults of our magnetohydrodynamic experiments (see next 
section). 

Figures 1,2, and 3 do not include all of the scenarios 
in which fluid can freely cross magnetic field lines. The 
conditions in these three scenarios merely ensure that all 
terms of the right-hand side of Equation (2) are zero. 
More generally, even if some terms are non-zero, so long 
as the terms sum to zero, the fluid can freely cross the 
magnetic field lines. For example, if a conducting fluid el- 
ement undergoes an apropos expansion rate, it can cross 
magnetic field lines against the direction of magnetic gra- 
dient. 

Figure 4 shows a scenario in which the fluids expe- 
rience magnetic resistance resulting in magnetic distur- 
bance. The significance of isomagnetic surfaces is high- 
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FIG. 1. The first non-frozen scenario. Moving across a uni- 
form magnetic field, an ideal conductive fluid neither experi- 
ences a frozen resistance nor carries the magnetic field lines, 
contrary to the expectations of some plasma scientists. Here, 
the distributions of the charges and electric fields have been 
simplified. 
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FIG. 2. The second non-frozen scenario. For a conductive 
fluid moving across a non-uniform magnetic field, provided 
that the fluid elements move along an isomagnetic surface, 
there is no frozen-in effect. 



lighted by comparing Figures 2 and 4. 

If the magnetic field B changes in the direction of fluid 
movement, the fluid will generally experience resistance. 
In particular, if the length of fluid along the flow direc- 
tion is greater than the extent of the magnetic field, as 
shown in Figure 5, magnetic resistance is inevitable at 
the boundary of the magnetic field because the magnetic 
field changes sharply there. 

It is known that a conductive quasi-rigid body crossing 
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FIG. 3. The third non-frozen scenario. In a cylindrically sym- 
metric magnetic field, rotation of a conductive fluid around 
a magnetic axis does not result in the frozen-in phenomenon, 
even if the outer and inner fluids rotate at different angular 
speeds. This scenario mirrors the situation in the vicinity of 
the equatorial plane of an aligned pulsar. 



a uniform magnetic field is not subject to magnetic force. 
Generally, a steady magnetic field can be regarded as a 
superposition of uniform and non-uniform components. 
Only the non-uniform component can exert a resistance 
on the fluid, as shown in Figure 4. However, the non- 
uniform component does not always mount a resistance, 
as we have shown in Figures 2 and 3. Consequently, in 
plasma physics, the frozen-in effect should be related to 
the magnetic gradient in the direction of fluid motion, 
but not to the uniform magnetic field component. From 
this perspective, the frozen-in concept is consistent with 
standard electromagnetism, and is no longer misleading. 



C. effects of the polarization charges and electrostatic 
field 

According to conventional physics, a straight wire, 
closed wire or conducting plate (see Figure 1) moving per- 
pendicularly in a uniform magnetic field can neither pro- 
duce electric current nor experience resistance from the 
magnetic field. Thus, the conductors cannot be frozen 
within the magnetic field lines. Because this phenomenon 
is independent of type or conductivity of the materials, 
even if the objects shown in Figure 1 comprise a con- 
ductive fluid such as mercury or plasma, the frozen-in 
effect does not apply. However, in the context of plasma 
physics, if the fluids in Figure 1 are conductive, it may be 
considered that they will be frozen in the magnetic field 
and cannot pass freely through field lines. This presents 
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FIG. 4. A magnetically frozen scenario. If the fluid velocity 
has a component in the direction of the magnetic field gradi- 
ent, movement of the fluid will result in the frozen-in effect. 
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FIG. 5. Another magnetically frozen scenario. If the extent 
of the magnetic field is smaller than that of the fluid, even 
if the magnetic field is uniform, a frozen-in effect will occur 
because of the high magnetic field gradient near the magnetic 
field boundary. 

an apparent contradiction between conventional physics 
and plasma physics. 

The ambiguity of the concept of frozen-in field lines 
arises from an oversight. In previous studies of the 
frozen-in effect, the effects of the polarization charges 
and electrostatic field E shown in Figures 1, 2 and 3 
have been disregarded. In fact, it is the electric field E 
that produces a fluid drift and "thaws" the magnetic- 
frozen states. A simple calculation using the drift theory 
of charged particles^ will verify that the drift velocity 
of both the ions and electrons produced by E and B is 
always equal to the macroscopic moving velocity of the 
fluid, i.e., Adrift = v. The direction of the drift veloc- 
ity Vdiifb is always perpendicular to both the electric and 
magnetic fields. Of course, to ensure that Wdrift = v -> n0 
eddy currents are permitted inside the fluid (as is true 
for Figures 1, 2 and 3). 

Bellan has demonstrated- that a plasma immersed in a 
static magnetic field B and a static electric field E, with 
E perpendicular to B, will freely drift across the mag- 
netic field lines. On the basis of Bellan's viewpoint, we 
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claim that the static electric field E, which is established 
by polarization charges, can naturally appear under cer- 
tain conditions. The process by which this can occur is 
summarized below: 

A conducting fluid moving across the magnetic field 
lines induces an irrotational motional electromotive field 
vxB inside the fluid; — > As a result of this irrotational 
motional electromotive field, polarization charges appear 
inside the fluid; — > The polarization charges result in a 
static polarization electric field E = —v x B; — > which 
combines with the magnetic field B to "drive" the fluid 
at drift velocity ^drift equal to v. 

Finally, the inertial velocity of the moving fluid is the 
same as that in magnetic-field-free space. 

Both the eddy current and the polarization charges 
are essentially the electric phenomena arising from the 
crossing motion of conducting fluid, and jointly influence 
the interaction between the fluid and the magnetic field. 
However, in previous reports of the concept of frozen-in 
field lines, the effect of the eddy current is always consid- 
ered, while the effect of the polarization charges remains 
overlooked. This issue deserves serious attention. 

When an individual charged particle travels through a 
magnetic field, it is subject to Lorentz forces which com- 
pel it to gyrate around the magnetic field lines. How- 
ever, within a conductive fluid, the presence of polariza- 
tion charges and an electric field create a very different 
situation. Under some special conditions, such as those 
illustrated in Figures 1, 2, and 3, the static electric field 
produced by the polarization charges can counteract the 
Lorentz force and the fluid elements will cross the mag- 
netic field without resistance. 

To study the interaction between a conductive fluid 
and a magnetic field, both the curl and divergence of 
the motional electromotive field should be considered. 
The curl affects the eddy current while the divergence af- 
fects the polarization charges and electric field. Although 
we can create situations in which the magnetic field is 
curl- free, such as those illustrated in Figures 1, 2 and 3, 
the motional electromotive field v x B cannot be made 
divergence-free inside a fluid. Therefore, the divergence 
affects the fluid movement more generally than does the 
curl. However, because Equation (1), from which the 
frozen-in concept derives, contains no divergence term, 
the frozen-in concept cannot entirely and accurately de- 
scribe the interaction between a conductive fluid and a 
magnetic field. This limitation is responsible for the situ- 
ations in which the frozen-in concept is often misleading, 
as emphasized by Alfven£ 



D. movement of magnetic field lines 

In the case of Figure I, although magnetic disturbances 
are absent, it may be considered that the magnetic field 
lines are nonetheless carried by the fluid. However, this 
viewpoint would result in contradiction, as shown in Fig- 
ure 6. The magnetic field in Figure 6 is initially uniform, 
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FIG. 6. Different model leading to different corollaries, (a) 
The conductive fluid A moves across the uniform magnetic 
field, (b) Assuming that the fluid can traverse the magnetic 
field, the magnetic field will retain uniformity, (c) Assuming 
that the fluid can carry the magnetic field lines, the magnetic 
field will become non-uniform. 



and the quasi-rigid fluids B and A are respectively im- 
mobile and traveling. Because the fluid B is immobile, 
the magnetic field lines through that fluid must be im- 
mobile also. If the magnetic field lines through the fluid 
A are carried by fluid A (as shown in Figure 6c) , regard- 
less of reference frame, a magnetic disturbance must ap- 
pear in the space between the fluids. However, foregoing 
analysis has indicated that a quasi-rigid fluid traveling 
within a uniform magnetic field cannot induce magnetic 
disturbance. Therefore, the magnetic field of Figure 6c is 
unrealistic and the viewpoint that the fluid always car- 
ries magnetic field lines must be discarded. The immobile 
fluid B ensures that magnetic disturbance appears in any 
reference frame, thereby precluding the use of the moving 
frame (which complicates the problem). The same effect 
is achieved if the velocities of the fluids in Figure I are 
assumed different. 

Our sentiments are embodied in the following quote 
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TABLE I. Contrast between two cases of the traverse-disturbance equation 





case A 


case B 


both sides of Equation (1) 


= 




property of magnetic field 


steady magnetic field 


time- varying magnetic field 


eddy current in fluid 


absence 


presence 


magnetic resistance 


absence 


presence 


frozen-in phenomena 


absence 


presence 


illustration 


Figures 1, 2 and 3 


Figures 4 and 5 



from Feynman et al. 10 : "It makes no sense to say some- 
thing like: When I move a magnet, it takes its field with 
it, so the lines of B are also moved. There is no way 
to make sense, in general, out of the idea of 'the speed 
of a moving field line.'" A magnetic field has essentially 
no movement attributes. Time-varying magnetic fields 
exist, whereas moving ones do not. While it can be intu- 
itive and useful to regard magnetic field lines as moving, 
this viewpoint can lead to erroneous interpretation. Such 
a misleading concept may underlie Theorem 2 in the con- 
cept of frozen-in field lines. 



E. two cases of the traverse-disturbance equation 

Table U contrasts two cases of the traverse-disturbance 
equation and clarifies the relationship between the 
frozen-in phenomena and the traverse-disturbance equa- 
tion. 



III. EXPERIMENTS ON THE EFFECT OF FROZEN-IN 
FIELD LINES 

To verify the above analysis, we conducted a series 
of magnetohydrodynamic experiments. The configura- 
tion is the same as that of Figure 3. For simplicity and 
clarity, the experiments were recorded and the videos of 
these can be viewed on YouTube. Figures 7 and 8 de- 
pict the device configurations and the sizes of the main 
components. Apart from the magnet, all components are 
made of non- magnetic material (plastic or copper). The 
mercury was placed in a cylindrical trough surrounding a 
rotating platform. At the magnet surface, the magnetic 
field intensity is about 0.6 T. The rotational rates are 
shown in the relevant videos. 

The experiments were divided into two groups. The 
first group comprised three pairs of experiments to de- 
termine the conditions under which the magnet can drive 
rotation of the mercury. In each experiment the basis of 
comparison is an aligned magnetic rotator, a cylindrically 
symmetric magnet whose magnetic axis aligns with its 
rotation axis. The three experiments are as follows: 

1. Drive experiment AH revealed the contrast be- 
tween the aligned rotator and a rotator with mag- 
netic axis orthogonal to the rotation axis. This 



contrast test indicates that the transverse mag- 
netic field can drive the mercury to rotate, but the 
aligned magnetic field cannot do that. 

2. Drive experiment revealed the contrast be- 
tween the aligned rotator and a magnet with mag- 
netic axis parallel to, but displaced from the ro- 
tation axis. This contrast test indicates that the 
eccentricity magnetic field can drive the mercury, 
but the coaxial magnetic field cannot do that. 

3. Drive experiment C— revealed the contrast be- 
tween the aligned rotator and a magnet that is not 
cylindrically symmetric. This contrast test indi- 
cates that the cylindrically asymmetric magnetic 
field can drive the mercury, but the cylindrically 
symmetric magnetic field cannot do that. 

The first set of experiments demonstrated that an 
aligned magnetic rotator cannot drive rotation of the 
mercury. However, this does not necessarily imply the 
absence of a frozen magnetic effect in such cases, be- 
cause the same effect will arise if the magnetic field is 
not co-rotating with the aligned magnet. The value of 
these experiments lies in their potential to resolve, at 
least partially, the following issue: Can an aligned pulsar 
drive its plasma and achieve the co-rotation state? 




\\\\\\\\\\\\\\\\\\\\\\\\\\\^\\\\\\\\\\\\\\\\\\\\\\\\ 



FIG. 7. Schematic figure of drive experimental device. The 
unit of length is millimeter (mm). The belt drives the rota- 
tion of the platform and magnet; the other components are 
stationary. 
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TABLE II. Summary of the analysis results 





magnetic frozen (column A) 


magnetic thaw (column BJ 


induction phenomena 


inductive current 


polarized charges 


induction electric field parameter 


curl of electric field 


divergence of electric field 


correlative magnetic field parameter 


magnetic field gradient 


magnetic field strength 


direction of fluid movement 


parallel to magnetic gradient 


perpendicular to magnetic gradient 


component of the magnetic field 


non-uniform 


uniform 


effect of magnetic force 


resisting the crossing motion 


impelling the crossing motion 


illustration 


Figures 4 and 5 


Figures 1, 2 and 3 




FIG. 8. Schematic figure of braking experimental device. The 
axis, support block and the magnet are stationary. The belt 
drives the rotation of the other parts. The unaccounted-for 
dimensions are the same as those of Fig. 7. 

In the second group of experiments, the conditions un- 
der which rotating mercury can be slowed by a stationary 
magnet were determined. The mercury trough (rather 
than the central magnet) was spun until the mercury 
revolution reached a steady state. In each experiment 
the basis of comparison was an aligned magnet, a cylin- 
drically symmetric magnet whose magnetic axis matched 
that of the mercury rotation axis. In this case, the mer- 
cury eventually revolved at the same rate as the trough. 
For the three comparison cases, braking forces reduced 
the rotation of the mercury. We used the same magnets 
in every pair of braking experiments, designated A, B 
and C and described below. 

1. Braking experiment revealed the contrast be- 
tween the aligned magnet and the orthogonal mag- 
net. This contrast test indicates that the orthogo- 
nal magnetic field can slow down the mercury, but 
the aligned magnetic field cannot do that. 

2. Braking experiment S^i revealed the contrast be- 
tween the aligned magnet and the off-axis magnet. 
This contrast test indicates that the eccentricity 
magnetic field can slow down the mercury, but the 
aligned magnetic field cannot do that. 

3. Braking experiment C— revealed the contrast be- 
tween the aligned magnet and the cylindrically 



asymmetric magnet. This contrast test indicates 
that the cylindrically asymmetric magnetic field 
can slow down the mercury, but the cylindrically 
symmetric magnetic field cannot do that. 

The braking experiments demonstrated that a coaxial, 
cylindrically symmetric magnetic field^ exerts no brak- 
ing effect on the mercury. In other words, under the 
conditions of Figure 3, even with no radial electric field 
applied beforehand, the mercury can traverse the mag- 
netic field lines without experiencing a braking force. The 
magnet can exert a braking effect on the mercury only 
when its magnetic axis is unaligned with the mercury ro- 
tation axis or when the magnetic field is not cylindrically 
symmetrical. This set of experiments also demonstrated 
that, even if the magnetic field in non-uniform, conduc- 
tive fluid moving in the field experiences no frozen-in ef- 
fect, so long as all of the fluid elements move along the 
isomagnetic surface. Thereby, the analyses in section HT1 
have been corroborated by our experimental results. 



IV. DISCUSSION 

For clarity, the analysis results are summarized in Ta- 
ble |TTJ The concept of frozen-in field lines is in fact re- 
lated to each entry in this table. Whether a magnetic 
field can "drive" or resist the crossing motion of fluid 
strongly depends on the distribution of the magnetic field 
and the direction of fluid movement. In general cases, 
both fluid and magnetic field should exist in a semi-frozen 
state. However, former studies have mainly focused on 
those properties listed under column A of Table [TT] and 
have overlooked all of the column B aspects; that is, the 
frozen-in effect has been emphasized while the drift effect 
has been largely ignored. Consequently, the concept of 
frozen-in field lines has often been misleadingly stated as 
a conductive fluid cannot freely cross a magnetic field. 

Table IIIII presents a summary of the experimental re- 
sults. Here, it is emphasized that no exchange of angular 
momentum occurs between the magnet and the mercury 
under conditions in which the fluid elements move along 
the isomagnetic surface. The extents of axial alignment 
and symmetry (essentially, the magnetic gradient along 
the path of movement), thus control the exchange of an- 
gular momentum. Naturally, a change in the magnetic 
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TABLE III. Summary of the experimental results 





Driving experiment results 


Braking experiment results 


aligned axis and cylindrical symmetry cases 


no a 


no 


orthogonal magnetic field 


yes! 


yes 


off-axis magnetic field 


yes 


yes 


cylindrically asymmetric magnetic field 


yes 


yes 



a "no" implies the absence of magnetic frozen phenomenon. 
b "yes" implies the presence of magnetic frozen phenomenon. 



TABLE IV. Summary of the expressions of frozen-in field concept 



correct expressions 



Any two elements of the fluid that are at one in- 
stant on a common magnetic field line will be on a 
common magnetic field line at any other instant.— 



A highly conducting fluid generally cannot freely 
traverse magnetic field lines along the direction of 
magnetic gradient. 



The magnetic flux in any conducting fluid element 
is conserved. 



incorrect expressions 



Any element of the fluid that is at one instant on a 
magnetic field line will be on the original magnetic 
field line at any other instant. 



A highly conducting fluid cannot freely traverse 
magnetic field lines. 



The magnetic lines in any conducting fluid ele- 
ment will move along with the fluid element. 



flux passing through the fluid elements is a necessary 
condition for angular momentum exchange. 

From the experimental and analytical results presented 
here, we conclude that when a conducting fluid moves in 
a magnetic field, whether or not resistance acts on the 
conducting fluid depends solely on the spatial variation 
of the magnetic field (AS), and is not related to the 
magnetic field intensity (B). This corollary may allevi- 
ate some of the current misunderstanding of the concept 
of frozen-in field lines. For many astrophysical objects, 
the magnetic field may be very strong, but the magnetic 
field gradient in the direction of plasma movement is very 
small, especially for cases similar to that shown in Fig- 
ure 3. Consequently, the magnetic frozen effect is much 
weaker than expected and the plasma can freely cross the 
magnetic field lines. In other words, in many astrophys- 
ical scenarios, the magnetic frozen effect can be ignored 
provided that the magnetic gradient along the path of 
plasma movement can be ignored. 

In fact, Alfven's warning that the concept of frozen-in 
field lines is often misleading has not been taken seriously 
by astrophysical scientists, especially by pulsar scientists. 
To date, almost all of the papers addressing the topic of 
pulsar radiation have been misled by the frozen-in field 
concept. These papers unanimously assume that the par- 
ticles of magnetosphere can move freely along magnetic 
field lines but cannot freely traverse them. 

The concept of frozen-in field lines can be expressed 
in several forms, which are summarized in Table IIVI All 
of the expressions listed in the right column of table IIVI 
are derived from Theorem 2, and are hence incorrect or 
incomplete. 



V. SUMMARY 

1. We suggest renaming the frozen-in equation as 
the traverse-disturbance equation, to emphasize 
the universality of traverse motion and to reduce 
opportunities for erroneous interpretations arising 
from the concept of frozen-in field lines. 

2. We suggest emphasizing the especial significance 
of isomagnetic surfaces and polarization charges, 
in order to entirely and accurately understand the 
interaction between a conductive fluid and a mag- 
netic field. 

3. Whether a quasi-rigid conducting fluid can freely 
traverse magnetic field lines or not depends solely 
on the gradient of the magnetic field in the direc- 
tion of fluid movement and is independent of the 
magnetic field strength. 

4. Because Theorem 2 conflicts with the traverse- 
disturbance equation, we strongly recommend that 
it be discarded. 
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